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Abstract: Atherosclerosis is associated with low-grade inflammation involving circulating monocytes.
It has been shown that the levels of intermediate pro-inflammatory monocytes are associated with
cardiovascular mortality and risk of ischemic stroke. It also has been shown that physical activity
(PA) decreases inflammation markers, incidence of strokes, and mortality. In this cross-sectional
study, we tested the effect of PA on circulating monocytes phenotype rate. A total of 29 patients with
a carotid stenosis > 50% were recruited. Levels of physical activity (MET.min/week) were measured
by the GPAQ questionnaire, arterial samples of blood were collected to analyze monocyte phenotype
(classical, intermediate and non-classical) assessed by flow cytometry, and venous blood samples
were used to dose antioxidant activity and oxidative damage. Antioxidant capacity was reduced and
oxidative damage increased in patients. There was a significant decrease in the percentage of classical
and intermediate monocytes in moderately active patients as compared with non-active and highly
active patients. Inversely, the rate of non-classical monocytes increased in moderately active patients.
Intense PA appears to blunt the beneficial effects of moderate PA. Our study also suggests that PA
could be beneficial in such patients by reducing the rate of intermediate monocytes known to predict
the risk of ischemic stroke and by increasing the non-classical monocytes involved in lesions’ healing.
Nevertheless, a longitudinal study would be necessary to confirm this hypothesis.

Keywords: atherosclerosis; inflammation; physical activity; monocytes; cytometry; GPAQ

1. Introduction

Chronic physical activity (PA) is likely one of the most powerful non-surgical therapies
against the progression of cardiovascular diseases. More specifically, PA has been shown
to be independently associated with lower odds of carotid artery stenosis and peripheral
artery disease [1]. Currently, the rupture of vulnerable carotid plaques remains one of the
main causes of ischemic stroke worldwide, which may lead to physical impairment or
death of the patient. Inflammation and oxidative stress are two major processes involved
in atherogenesis and plaque vulnerability [2]: indeed, vulnerable plaques contain immune
cells trying to phagocytize oxidized low-density lipoproteins (oxLDL) [3]. Moreover,
atherosclerotic patients present with chronic low-grade inflammation often evolving over
the course of decades [4]. Circulating monocytes are closely related to plaque formation and
destabilization [5], although monocyte subsets appear to be unequally involved [6–9] in
plaque pathophysiology. Classical monocytes (cluster of differentiation: CD14++/CD16−)
and intermediate monocytes (CD14++/CD16+) initiate inflammatory atherosclerotic lesions
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leading to plaque vulnerability [7] and are associated with increased ischemic risk. On the
contrary, non-classical monocytes (CD14+/CD16++) limit the atherogenesis process and may
play a role in the resolution of inflammation within the plaque. Indeed, a study suggested
that circulating monocyte phenotype may influence lesional macrophage polarization in
heathy subjects and in patients with vascular diseases [10,11]. Differences in macrophage
phenotypes within the plaque modulate plaque vulnerability [12,13]; it also appears that
this circulating monocyte phenotype could affect plaque features and be involved in plaque
vulnerability [6,9,13]. Chronic PA was shown to modulate circulating monocyte phenotype
in healthy subjects [14–16], and it has been suggested that such a mechanism could be
involved in the protective effect of PA seen in atherosclerosis patients [7]. Previous work
implied that a reduction of inflammation due to PA [17] might be mediated by circulating
monocyte count and differences in phenotype in old people [18]. Moreover, our team
previously reported that PA was associated with a reduced risk of intraplaque hemorrhage
in carotid atherosclerotic patients [19]. Despite large advances in the understanding of the
pathophysiology and management of vulnerable carotid plaques, the effects of PA (i.e.,
intensity, duration, and frequency) on monocyte phenotype in patients with atherosclerotic
plaques are unknown and need to be investigated [7]. Therefore, understanding the effect
PA and its impact on monocyte subsets is necessary to optimize future modalities of PA as
therapy in such patients.

2. Methods
2.1. Ethics and Population

The present study has been approved by the National Ethics Committee (ID RCB:
2019-A01543-54/SI: 19.06.21.40640), the «Agence Nationale de Sécurité du Médicament et
des produits de santé» and registered at the “Commission Nationale de l’informatique &
Libertés” 19-366. This study is registered on http://www.clinicaltrials.gov (NCT number:
NCT04053166), accessed on 1 October 2019. All patients gave informed consent. A total
of 29 patients presenting a carotid stenosis ≥50% and 14 healthy subjects were included.
Patients were white, asymptomatic, or symptomatic from stroke and transient ischemic
attack. They did not have cancer or heart failure, nor were they seropositive. They all had
individually optimized drug treatments.

2.2. Data Collection
2.2.1. Questionnaires

Patients completed the following questionnaires. Cognitive capacities were evalu-
ated using the Folstein mini-mental questionnaire [20,21]; diet was characterized with
the National Nutrition Health Plan questionnaire [22,23]; smoking habits were collected
in order to establish a pack-year consumption rate; sedentary behavior was evaluated
using the sedentary behavior Questionnaire [24], and PA duration (min/week), intensity
(MET), and levels (MET.min/week) were determined with the Global Physical Activity
Questionnaire [25,26]. An in-house nutrition questionnaire was used to asses food con-
sumption, rating food intake frequency and quality (processed food, fruits, vegetables,
meat, sweets, and alcohol) on a scale from 1 to 3, with 1 being the best habit and 3 the
worst. Healthy subjects filled in the same questionnaires, with the exception of the Folstein
mini-mental questionnaire.

2.2.2. Monocytes Analysis

After an overnight fast, venous blood was taken at rest in heparin tubes for healthy
subjects and patients. Peripheral blood mononuclear cells (PBMCs) were isolated from the
whole blood over a Ficoll (Ficoll Paque PREMIUM, Cytiva, UK) gradient. The labelling
procedure of PBMC included incubation with Fc receptor blocking solution (FcR Blocking
Reagent human, Miltenyi biotech, Germany) for 30 min to saturate monocyte Fc recep-
tors. Then, FITC-conjugated anti-CD14, PE-conjugated anti-CD16 (both Miltenyi biotech,
Germany) antibodies were added for 30 min at 4 ◦C. Controls included isotype-matched
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antibodies. A total of 50,000 monocytes were discriminated from all events screened into
the flow cytometer based on size, granularity and cell surface markers and then analyzed
using a BD FACSCanto II (Beckton Dickinson, NJ, USA) flow cytometer (Figure 1).

Figure 1. Representative scatter plots for CD14:FITC and CD16:PE were used to determine the per-
centage of each phenotype by flux cytometry. Q4-1 contains the classical monocytes (CD14++CD16−),
Q2-1 contains the intermediate monocytes (CD14++CD16+), and QI-1 contains the non-classical mono-
cytes (CD14+CD16++). (A) Typical scatter plot of a patient from the group 2 (1600 MET.min/sem–
4500 MET.min/sem); (B) Typical scatter plot from a patient from the group 3 (>4500 MET.min/sem).

2.2.3. Oxidative Stress and Antioxidants Assays

After an overnight fast, venous blood was taken at rest in EDTA tubes and were
immediately centrifuged and stored at −80 ◦C until analysis. Blood plasma samples were
assessed for markers of oxidative stress (advanced oxidation protein products [AOPP]
and malondialdehyde, [MDA]) and antioxidant enzymes activity (catalase; glutathione
peroxidase [GPx] and superoxide dismutase [SOD]). Plasma superoxide dismutase (SOD)
activity was at 450 nm by measuring the degree of inhibition of the reaction between super-
oxide radical (O2

•−) and nitroblue tetrazolium; a colorimetric molecule that competes with
SOD for O2

•− [27]. Catalase catalyzes the reaction between hydrogen peroxide (H2O2) and
methanol, producing formaldehyde, which can be quantified at 540 nm using a chromogen.
Activity was compared to a standard of formaldehyde apparition [28]. Glutathione peroxi-
dase (GPx) activity was indirectly determined over a 5 min period at 340 nm by the rate
of oxidation of NADPH to NADP+ [29]. Malondialdehyde (MDA) concentration, marker
of the lipids oxidation, was quantified using 1,1,3,3-tetraethoxypropane as a standard
by measuring the apparition of a pink chromogen representative of the formation of a
MDA-thiobarbituric acid product [30] using photometric absorption at 532 nm. Advanced
oxidation protein product (AOPP) levels were quantified against a standard of chloramine-
T, potassium iodide and acetic acid at 340nm and expressed as µmol/L of chloramine-T
equivalents [31].

2.2.4. Clinical Data

Personal medical history of the patients (i.e., ischemic event record, body mass index,
type 2 diabetes, dyslipidemia, hypertension) was documented. Complete blood count was
reported in order to assess total leucocytes, monocytes, neutrophils, and lymphocytes count,
fibrinogen levels, and lipid profile (i.e., total cholesterol, HDL cholesterol, LDL-cholesterol
and triglycerides).
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2.3. Statistics

Quantitative variables were expressed as mean ± standard deviation, and categorical
data were presented as occurrence and frequency in each group. PA was evaluated in
duration (minutes/week), intensity (4 vs. 8 Metabolic equivalents of Task: METs) and
level (MET.min/week), and were then classified in three groups according to PA threshold
on the cardiovascular mortality and morbidity: less than 1600 MET.min/week (group 1)
between 1600 and 4500 MET.min/week (group 2), or exceeding 4500 MET.min/week
(group 3). Above 1600 MET.min/week, overall, cardiovascular-, stroke and ischemic
heart disease-related deaths have been shown to be impacted [32]. Above the threshold
of 4500 MET.min/week no more benefits from moderate to vigorous PA is observed on
mortality rates [33]. Comparisons of monocyte phenotype variations between PA groups
were done by parametric tests (ANOVA) if the data were normally distributed, and the
homogeneity of variances were respected. If not, non-parametric tests (Kruskal–Wallis or
Wilcoxon test, as appropriate) were performed. The significance level was set at p < 0.05.
Post-hoc comparisons were corrected for multiple comparisons. All statistical analyses
were performed using Rstudio software (version 1.8.2, Boston, MA, USA).

3. Results
3.1. Populations Characteristics

Patients were 71 ± 9 years-old, the gender ratio was 22/7 men/women, and the mean
body mass index (BMI) was 25 ± 3 kg/m2. The healthy control group was 36 ± 9 years-old
(difference with patient group: p < 0.0001), they were all male, and the mean BMI was
24 ± 3 kg/m2 (ns). In the patient group, the mean carotid plaque stenosis was 70.9 ± 9.8%,
and 14 patients were symptomatic of an ischemic event. Seven patients had diabetes
mellitus, 9 presented with dyslipidemia, and 19 had hypertension. Overall, 20 patients
were treated with statins, and 21 took anti-platelets drugs. Healthy subjects were free of all
the preceding comorbidities and drug treatments. The tobacco consumption of the patients
was 31 ± 30 pack-years, whereas for healthy subjects was 1 ± 2 pack year (p < 0.001). There
was no difference between the control group and the patients for sedentary behavior
(respectively 556 ± 161 and 530 ± 177 min/day) and PA duration (respectively 3204 ± 1632
and 2775 ± 2064 MET.min/week). The nutrition score was lower for patients (1.4 ± 0.3 UA)
in comparison with healthy subjects 1.6 ± 0.3 UA (p < 0.05).

3.2. Comparison between PA Groups and with the Healthy Subject Group

The monocyte subset distribution was 46.4 ± 16.9% for classical monocytes, 4.8 ± 2.6%
for intermediate monocytes, and 50.5 ± 15.7% for non-classical monocytes in the patient
population; no significant difference was seen with the healthy control group (38.7 ± 8;
6.0 ± 1.8, and 55.3 ± 8.4%, respectively, for each monocyte subset). The catalase enzyme
activity was significantly lower in patients than in healthy subjects (−48%, p < 0.0001).
MDA concentration was higher in the patient group in comparison with the healthy subject
group (+33%, p < 0.001), as well as AOPP levels (+82%, p < 0.0001; Table 1).

There were no differences in complete blood count, risk factors, and comorbidities
across PA level groups; however, there were significant differences noted for PA intensity
(Table 2) (i.e., prevalence of patients practicing at 8 METS was 0 %, 22 %, and 71 % for
group 1, 2, and 3, respectively).
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Table 1. Antioxidant enzymes activity and oxidative stress damage in PA level groups (group 1,
2, and 3) and intensity groups (MPA and IPA) in comparison with healthy subjects. Parametric
statistical tests are expressed as mean and standard deviation (written in blue), and non-parametric
statistical tests are expressed as median and interquartile range (written in black). AOPP: advanced
oxidation protein products; CAT: catalase; GPX: glutathione peroxidase; IPA: intense physical activity;
MDA: malondialdehyde; MPA: moderate physical activity; SOD: superoxide dismutase. *** p < 0.001
between all patients and control group. **** p < 0.0001 between all patients and control group.
µ p < 0.05 between PA level group and control group. µµ p < 0.01 between PA level group and control
group. µµµ p < 0.001 between PA level group and control group. ¤ p < 0.05 between PA intensity
group and control group. ¤¤ p < 0.01 between PA intensity group and control group. ¤¤¤ p < 0.001
between PA intensity group and control group.

Healthy
Control Group

(n = 14)

All Patients
(n = 29)

Group 1
(n = 10)

Group 2
(n = 9)

Group 3
(n = 7)

MPA
(n = 10)

IPA
(n = 6)

Antioxidant
enzymes activity

SOD
(µmol/mL/min) 34.6 ± 6.2 32.8 ± 6.9 31.0 ± 5.4 33.3 ± 7.3 34.2 ± 8.4

36.9 ± 10.7 36.1 ± 13.1 31.1 ± 9.8
CAT

(µmol/mL/min) 1.7 ± 0.5 0.9 ± 0.4 **** 0.9 ± 0.5 µµ 1.1 ± 0.2 µ 0.7 ± 0.3 µµµ

1.8 ± 0.8 0.9 ± 0.5 ¤¤¤ 0.9 ± 0.9 ¤¤
GPX

(µmol/mL/min) 7.6 ± 1.3 7.7 ± 1.6 7.8 ± 1.5 7.5 ± 0.6 7.3 ± 1.6

7.4 ± 1.7 7.7 ± 1.2 7.4 ± 2.1
Oxidative damage
MDA (µmol/mL) 46.0 ± 8.7 59.0 ± 9.5 *** 59.2 ± 10.8 60.7 ± 9.2 µ 64.0 ± 21.2 µµ

47.0 ± 8.7 59.4 ± 16.6 ¤ 65.5 ± 37.3 ¤¤
AOPP (µmol/mL) 91.1 ± 34.6 165.6 ± 54.9 *** 185.0 ± 55.6 µµµ 182.8 ± 32.3 µµµ 128.6 ± 56.2

95.7 ± 68.5 161.8 ± 117.4 ¤¤ 150.6 ± 82.1

Table 2. Physical activity level groups risk factors, comorbidities, and complete blood count. BMI:
body mass index; PA: physical activity and ns: non-significant.

Group 1
(n = 10)

Group 2
(n = 9)

Group 3
(n = 7) p-Value

Age (years old) 70.1 ± 6.8 71.6 ± 10.0 70.4 ± 12.6 ns

BMI 24.3 ± 3.2 26.6 ± 2.7 24.6 ± 4.3 ns

Asymptomatic/Symptomatic 5/7 5/4 5/3 ns

Stenosis (%) 73.4 ± 14.5 77.3 ± 7.6 67.9 ± 12.5 ns

Type 2 diabetes (n) 2 2 3 ns

Dyslipidaemia (n) 2 4 3 ns

Hypertension (n) 5 8 6 ns

Statin use (n) 7 8 5 ns

Anti-agregant use (n) 8 8 5 ns

Intense PA practice (min/week) 0 ± 0 80.0 ± 158.8 120.8 ± 149.0 p < 0.01

Sedentary behaviour (min/week) 525.7 ± 144.0 494.2 ± 161.8 485.4 ± 129.0 ns

Smoking habit (pack-year) 20.7 ± 30.7 33.1 ± 34.6 29.7 ± 24.0 ns

Nutrition score (UA) 1.5 ± 0.4 1.3 ± 0.2 1.3 ± 0.3 ns

Leucocytes (×109) 8.9 ± 3.5 7.7 ± 2.1 7.5 ± 2.4 ns

Monocytes (×109) 0.7 ± 0.2 0.6 ± 0.2 0.8 ± 0.3 ns

Neutrophils (×109) 5.6 ± 2.7 5.1 ± 1.6 4.6 ± 1.6 ns

Lymphocytes (×109) 2.2 ± 0.8 1.7 ± 0.6 1.9 ± 0.8 ns
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Table 2. Cont.

Group 1
(n = 10)

Group 2
(n = 9)

Group 3
(n = 7) p-Value

Fibrinogen (g/L) 3.6 ± 0.9 4.0 ± 0.9 3.7 ± 0.8 ns

Total cholestérol (mmol/L) 5.7 ± 1.5 4.4 ± 1.7 4.0 ± 1.1 ns

HDL cholesterol (mmol/L) 1.1 ± 0.3 0.9 ± 0.3 1.1 ± 0.3 ns

LDL cholesterol (mmol/L) 3.9 ± 1.2 2.7 ± 1.2 2.3 ± 0.9 ns

Triglycerides (mmol/L) 1.5 ± 1.0 1.8 ± 0.8 1.4 ± 0.4 ns

There was a decrease in the percentage of classical monocytes (p = 0.02 and p = 0.03,
respectively) and intermediate monocytes (p = 0.13 and p = 0.05, respectively) in group
2 as compared with groups 1 and 3 (Figure 2A,B). The non-classical monocytes rate was
increased in PA level group 2 as compared to groups 1 and 3 (p = 0.02 and p = 0.008,
respectively; Figure 2C). Classical monocyte percentage was increased in groups 1 and
3 in comparison with the healthy subject group. In comparison with healthy subjects,
intermediate monocyte rate was reduced in group 2, and non-classical monocytes per-
centage was reduced in group 3. Regarding the antioxidant enzymes (SOD, catalase, and
GPx) activity, no difference was observed between the patients’ PA level groups. Yet, all
the groups of patients had a reduced activity of catalase (−46%, p < 0.01; −37%, p < 0.05
and −62%, p < 0.001 for groups 1, 2, and 3, respectively) in comparison with the control
group. No significant differences were observed between the groups for MDA and AOPP.
Nevertheless, only active patients (group 2 and group 3) had an increased level of MDA
(+32%, p < 0.05 and +39%, p < 0.01 for groups 2 and 3, respectively) in comparison with
healthy subjects. Patients from PA groups 1 and 2 had increased levels of AOPP (+103%,
p < 0.001 and +101%, p < 0.001 for group 1 and 2, respectively) in comparison with healthy
subjects (Table 1).

To explain this unexpected U-shaped relationship between monocyte subset distri-
bution and PA level, we hypothesized that the beneficial effect of PA may be blunted
with high intensity exercise. We thus conducted a separate analysis on the most active
patients (groups 2 and 3). These patients were divided into two groups according their
PA intensity: moderate (MPA group: 4 METs) vs. intense (IPA group: 8 METs) PA practice
groups, which were then compared. The two PA groups were equivalent in complete blood
count, risk factors, and comorbidities, by design, PA intensity was the only variable that
was modified between groups (Table 3). Patients practicing intense PA had an increased
number of classical monocytes and intermediate monocytes in blood samples (Figure 2D),
associated with a decreased number of non-classical monocyte production in comparison
with patients practicing moderate PA (Figure 2F). In comparison with healthy subjects,
patients practicing intense PA had increased rates of classical monocytes and decreased
rates of non-classical monocytes (Figure 2D,F). No difference was observed between the
two PA groups for the antioxidant enzymes (SOD, catalase and GPx). Yet, both intensity
groups of patients had a reduced activity of catalase (−50%, p < 0.001 and −47%, p < 0.01
for MPA and IPA group, respectively) in comparison with the control group. Patients
practicing moderate and intense PA had increased levels of MDA (+26%, p < 0.05 and
+52%, p < 0.01 for MPA and IPA group, respectively) in comparison with the control group.
Patients practicing moderate PA had an increased concentration of AOPP (+80%, p < 0.01)
in comparison with the control group (Table 1).
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Figure 2. Monocyte phenotypes for each PA level groups (A–C) and PA intensity group (D–F), in
comparison with healthy subjects. Patients were classified in three groups depending on the weekly
level of PA (group 1: n = 10; 586 ± 377 MET.min/week; group 2: n = 9; 3233 ± 781 MET.min/week;
and group 3: n = 7; 5457 ± 757 MET.min/week). (A) Classical monocytes frequency; (B) intermediate
monocytes frequency; and (C) non-classical monocytes frequency. Patients were stratified in two
groups depending on the weekly intensity of PA (moderate group: n = 9, involved in moderate
(4 MET.min/week) PA; intense group: n = 6 involved in moderate to intense (4 MET.min/week to
8 MET.min/week) PA. (D) Classical monocytes frequency; (E) intermediate monocytes frequency;
and (F) non-classical monocytes frequency. Rate of each monocytes phenotype is expressed as a
percentage of the total monocytes count. Parametric statistical analysis was done on data represented
on graph (A,C), thus, mean and standard deviation are represented in dashed and blue lines. Non-
parametric statistical analysis was done on data represented on graph (B,D–F), thus, median and
interquartile range are represented in continuous black lines. MET: Metabolic Equivalent of Task;
min: minute; PA: Physical activity. * p < 0.05 between patient groups. ** p < 0.01 between patient
groups. In red: ¤ p = 0.06 difference with the healthy donor group. $ p < 0.05 difference with the
healthy donor group. $$ p < 0.01 difference with the healthy donor group.

Table 3. Physical activity intensity groups risk factors, comorbidities, and complete blood count. BMI:
body mass index; PA: physical activity and ns: non-significant.

Moderate PA Group
(n = 10)

Intense PA Group
(n = 6) p-Value

Age (years old) 75.4 ± 10.6 71.5 ± 5.7 ns

BMI 26.0 ± 3.3 24.4 ± 2.9 ns

Asymptomatic/Symptomatic 6/4 3/2 ns

Stenosis (%) 75.2 ± 10.5 68.6 ± 11.2 ns

Type 2 diabetes (n) 3 1 ns
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Table 3. Cont.

Moderate PA Group
(n = 10)

Intense PA Group
(n = 6) p-Value

Dyslipidaemia (n) 3 2 ns

Hypertension (n) 7 4 ns

Statin use (n) 9 4 ns

Anti-platelets use (n) 9 3 ns

Intense PA practice (min/week) 1.8 ± 6.0 285.0 ± 113.2 p < 0.01

Sedentary behaviour (min/week) 485.3 ± 159.4 468.0 ± 113.9 ns

Smoking habit (pack-year) 28.6 ± 35.28 31.6 ± 22.2 ns

Nutrition score (UA) 1.3 ± 0.2 1.3 ± 0.1 ns

Leucocytes (×109) 7.7 ± 1.9 7.8 ± 2.9 ns

Monocytes (×109) 0.6 ± 0.2 0.8 ± 0.3 ns

Neutrophils (×109) 5.0 ± 1.4 4.9 ± 2.0 ns

Lymphocytes (×109) 1.9 ± 0.7 1.8 ± 0.5 ns

Fibrinogen (g/L) 1.9 ± 0.7 1.8 ± 0.5 ns

Total cholestérol (mmol/L) 4.4 ± 1.5 3.8 ± 1.0 ns

HDL cholesterol (mmol/L) 1.0 ± 0.3 0.9 ± 0.3 ns

LDL cholesterol (mmol/L) 2.6 ± 1.2 2.2 ± 0.7 ns

Triglycerides (mmol/L) 1.6 ± 0.7 1.5 ± 0.6 ns

4. Discussion

As it was previously suggested, the monocyte phenotype in patients with atheroscle-
rotic plaques needed to be investigated [7]. Our study reports for the first time that
moderate intensity PA decreases the number of classical and intermediate monocytes in
circulation of carotid atherosclerotic patients, whereas intense PA reverses the beneficial
effects of moderate PA. These results bring new information regarding the guidelines of PA
practices in this elderly atherosclerotic population.

In Europe, life expectancy at birth has increased to 70 years old, resulting in an increase
in the elderly population [34]. According to a recent meta-analysis, at least half of males
aged 65 years old and older have carotid plaques [35] and surgery appears to be unnecessary
in the majority of cases [36]. This emerging population is currently understudied, but as
it is growing, it needs to be better understood in order to improve lifestyle management
guidelines. The link between systemic low-grade inflammation and carotid atherosclerotic
lesions is well established [4,6,9,37], however, little is known about differential monocyte
phenotype effects in human atherosclerotic lesions [38].

Increased oxidative stress is a well-known mechanism that leads to atherogenesis [39].
Our results show that patients have decreased antioxidant catalase activity, thus, they are
less protected against the increase in oxidative stress inherent to aging [40]. Therefore,
our patients showed increased lipids (MDA) and protein (AOPP) oxidative damage in
comparison with healthy subjects. Our results also suggest that patients have a monocyte
phenotype distribution that does not differ from healthy subjects. High rates of classic and
intermediate monocyte subsets were associated with an elevated risk of cardiovascular
events in this specific population with atherosclerosis [6,9,13], like our groups of patients
with carotid plaque over 50% carotid stenosis. However, the monocytes phenotype rate in
healthy people is, therefore, likely not relevant to the risk of cardiovascular event when not
associated with atherosclerosis or other cardiovascular risk factors. The lack of PA level
effect on monocytes phenotype rate in healthy patients (results not shown) strengthens
this hypothesis.
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To our knowledge, the influence of PA on circulating monocyte phenotype has
never been analyzed in carotid atherosclerotic patients. Several studies tried to char-
acterize the monocyte phenotype in response to exercise, but these studies were done
before the 2010s and thus, did not make the distinction between intermediate and non-
classical monocytes [14,41]. The decrease in classical and intermediate monocytes for the
1600–4500 METs.min/week group may result from a systemic down-regulation of pro-
inflammatory pathways [42,43]. Indeed, long-term moderate exercise downregulates the
PBMC production of atherogenic cytokines and upregulates the production of the atheropro-
tective ones in subjects at risk of ischemic disease [44]. Alterations in the lipid metabolism
resulting in increased oxLDL is an important component of atherogenesis and plaque
vulnerability [45], thus, the decrease in circulating oxLDL in response to PA previously
observed in populations at risk of vascular disease [46] may blunt the pro-inflammatory
shift of monocytes [7].

Although the response to moderate PA in our population is consistent with contempo-
rary work with sedentary elderly people [16], the response to intense PA could be viewed
as counterintuitive since high intermittent intensity training shows greater efficacy on
cardiorespiratory fitness as compared to moderate intensity training in patients with car-
diovascular diseases [47]. Indeed, in our patient population, in comparison with healthy
subjects, low PA levels and moderate PA practice appears to induce more oxidative damage
on proteins (i.e., AOPP) than high PA practice and high PA levels, and intense PA practice
appears to enhance more oxidative damage on lipids (i.e., MDA) compared to low PA level.
Yet, it is known that an increased concentration of oxLDL promotes a pro atherogenic shift
in classical monocytes [48]. Thus, the increase in classical monocytes in the IPA group could
be related to its greater increase in lipid damage. These activated monocytes are known to
produce superoxide anion through NADPH oxidase, increasing the pro-oxidant state in
circulation and in atherosclerotic plaque [49]. In this perspective, it would be interesting
for future studies to determine the difference in NADPH oxidase expression in activated
monocytes between healthy and atherosclerotic patients and in the function of PA level.
In addition, oxidized lipids’ incubation with monocytes was shown to increase their release
in reactive oxygen species and proinflammatory cytokines [50]. However, the very modest
difference in our oxidative stress markers between PA groups of patients could also suggest
that the monocytes phenotype rate modulation by physical activity level in patients with
atherosclerosis could be independent of oxidative stress and more related to the changes of
other biological pathways, as inflammation. Systemic pro-inflammatory effects are well
described in a transitory period after the practice of intense PA [51]. Usually, in healthy
subjects, this pro-inflammatory reaction is quickly reversed [52]. Thus, the increase in
classical and intermediate monocytes that we observed in patients practicing intense PA
(vs. moderate intensity PA) may result in an exaggerated or prolonged pro-inflammatory
response in patients with atherosclerosis. Low-grade inflammation is a well-known circu-
latory process associated to atherosclerosis [4,53,54], sustained by cytokines secreted by
plaque and circulating leukocytes [55]. Thus, the secretion of additional pro-inflammatory
cytokines induced by the practice of PA [56] may result in a cytokine overload, thus exacer-
bating the circulating pro-inflammatory environment [55] in alignment with the increased
rates of classical monocytes that were observed. Our results suggest that intense PA com-
pared to moderate PA may deteriorate monocyte profiles and should be considered with
relation to another study reporting no beneficial effect of PA on cardiovascular mortality
when practicing more than 4500 METs.min/week, in contrast to lower PA level [33]. These
present results should also be analyzed within the context of the results of our previous
study with the same patients with carotid stenosis over 50%, which reported that patients
practicing moderate PA (corresponding to our group 2) reduce the intra-plaque hemorrhage
comparing to patients practicing very low PA (corresponding to our group 1) [19]. Taken
together, all these results are in favor of moderate PA practice for this population.

Although these results bring new knowledge on an understudied population, it should
be acknowledged that our study presents a few limitations. First, our results are based on a
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cross-sectional study design. In the future, longitudinal studies assessing PA interventions
should be done in order to specify the effect of PA on immune inflammatory in carotid
atherosclerotic patients. Moreover, this study did not allow for determining the biological
pathways associated with monocytes phenotype modulation by PA. The assessment of
circulating OxLDL and cytokines in addition to more specific monocytes pro-oxidant
markers may help to answer this question. Secondly, the significant difference in age
between patients and healthy subjects does not allow to discriminate the sole effect of the
disease from aging, thus, adding an age-matched control group might be interesting to do
in future studies. Indeed, we did not match the control group in age since a majority of
elderly people have undiagnosed carotid plaque [35], implying that a perfect control group
without carotid plaque of a similar age (over 60 years old) is impossible to find. Patients
were older, thus they smoked for longer than healthy subjects. Nevertheless, it should be
underlined that control and patient groups were equivalent in time spend sedentary, total
PA practice, and BMI. Finally, there were no women in the control group, whereas there
were 24% in the patient group. However, all female patients were post-menopausal, thus,
in order to lift hormonal interaction, only men were included in the control group.

5. Conclusions

In conclusion, in atherosclerotic patients, moderate PA likely decreases pro-inflammatory
monocytes, which are known to be related to plaque vulnerability, suggesting that this type
of PA may be encouraged in this population.
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